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Abstract 19 
Organismal traits may evolve either gradually or in rapid pulses, but the relative importance of 20 
these modes in the generation of species differences is unclear. Additionally, while pulsed 21 
evolution is frequently assumed to be associated with speciation events, few studies have 22 
explicitly examined how the tempo of trait divergence varies with respect to different 23 
geographical phases of speciation, starting with geographic isolation and ending, in many cases, 24 
with spatial overlap (sympatry). Here we address these issues by combining divergence time 25 
estimates, trait measurements, and geographic range data for 952 avian sister species pairs 26 
worldwide to examine the tempo and timing of trait divergence in recent speciation events. We 27 
show that patterns of divergence in key ecological traits are not gradual, but instead appear to 28 
follow a pattern of relative stasis interspersed with evolutionary pulses of varying magnitude. We 29 
also find evidence that evolutionary pulses generally precede sympatry, and that major pulses 30 
leading to greater trait disparity are associated with sympatry. These findings suggest that early 31 
pulses of trait divergence promote subsequent transitions to sympatry, rather than occurring after 32 
sympatry has been established. Incorporating models with evolutionary pulses of varying 33 
magnitude into speciation theory may explain why some species pairs achieve rapid sympatry 34 
whereas others undergo prolonged geographical exclusion. 35 
 36 
 37 
Speciation in vertebrates may proceed over long and variable periods1-6. From onset to 38 
completion, the process is often viewed as a cycle with three stages, beginning with geographic 39 
isolation (allopatry), followed by secondary contact initiated at range edges, and finally 40 
prolonged spatial coexistence in overlapping geographical ranges (sympatry; see Fig. 1) 1, 5-7. 41 
The process does not always proceed to the second or third stages, but the establishment of 42 
sympatry has been viewed by some as the only way to be certain that speciation is complete2. In 43 
some forms of this model, here termed “geographic speciation,” sympatry can be delayed after 44 
secondary contact has been made, either by competitive interactions8 or incomplete reproductive 45 
isolation5. Thus sympatry may only occur when species traits are sufficiently divergent9, while 46 
recently diverged species with similar traits fail to overlap, and instead exhibit abutting ranges 47 
(termed parapatry). However, while the pattern of increased trait divergence in sympatric versus 48 
non-sympatric sister lineages is widespread among animal taxa10, 11, the timing and geographical 49 
context of trait divergence is difficult to determine. In particular, trait divergence could arise 50 
primarily by the accumulation of differences either prior to sympatry12 or after sympatry is 51 
established (e.g. via character displacement)13.  52 
The tempo and mode of ecological trait divergence during the geographic speciation 53 
cycle are also debated14, 15, with some studies describing divergence as slow or gradual 54 
throughout the process4, 12, while others describe abrupt, pulse-like changes occurring against a 55 
background of stasis16. Pulsed changes could occur either early, in allopatry or parapatry17, 18, or 56 
later, in sympatry9, 13 (Fig. 1). It is further possible that ecological (local) adaptation in 57 
allopatry/parapatry, followed by subsequent species interactions in sympatry provide the context 58 
for multiple pulses of trait divergence over the course of geographic speciation cycles17. 59 
Assessing the relative contributions of gradual versus pulse-and-stasis evolution to 60 
species differences involves challenges associated with temporal scale19 and analytical 61 
approach14. On short timescales, microevolutionary studies indicate that stasis generally 62 
dominates20, with abrupt pulses of divergence occasionally detected21. It is unclear whether these 63 
pulses ultimately contribute to species-level differences or simply represent brief departures of 64 
trait values from longer-term static, or gradually changing, means10, 14, 20, 22. Fossil time series, 65 
which allow analyses of complex mixtures of modes over timescales relevant to geographic 66 
speciation (104 to 107 years), show evidence for gradual change and stasis within lineages23, 24. 67 
Taxonomic issues and patchy geographic sampling of the fossil record, however, limit the extent 68 
to which the fossil record can be used to assess phenotypic divergence as a component of the 69 
geographic speciation cycle14. 70 
 These challenges have led to an increased use of phylogenetic approaches to assess the 71 
tempo and mode of phenotypic change associated with speciation. These methods generally use 72 
data from extant species to test for correlations between trait evolution and speciation25 or to 73 
partition trait evolution between cladogenetic and anagenetic change26. These approaches 74 
suggest that pulse-like speciational (cladogenetic) processes may contribute to trait divergence. 75 
However, such analyses are often conducted across large clades, potentially overlooking the role 76 
of extinction in generating observed patterns in extant diversity27-29. Moreover, the assumption in 77 
most phylogenetic approaches that evolutionary pulses occur only at speciation15, which is 78 
modelled as a single instantaneous event30, 31, limits how much these approaches can tell us about 79 
the roles of pulsed and gradual evolution over the extended course of geographic speciation 80 
cycles. 81 
Disentangling alternative divergence pathways at different stages of speciation is a key 82 
step to understand general patterns of trait evolution and predict the fate of nascent species when 83 
changing environments redistribute geographic ranges2, 18, 32. For example, minor trait divergence 84 
during the allopatric phase of speciation may be ephemeral if gene pools merge during secondary 85 
contact, whereas greater levels of divergence may lead to reproductive isolation and ultimately 86 
sympatry. This latter possibility could accentuate patterns of pulsed evolution in phylogenies and 87 
the fossil record, even when divergence itself is gradual18, 32. Framed by these uncertainties, our 88 
understanding of the rates and timing of trait divergence in vertebrate speciation remains highly 89 
incomplete, not least because the data required are often patchy for large samples of species. In 90 
particular, for most large taxonomic groups the information on ecological trait divergence and 91 
geographic distributions is not sufficiently resolved to explore divergence pathways in the 92 
context of geographical phases of speciation. 93 
To address these issues, we examine phenotypic divergence, geographic relationships, 94 
and divergence times among 952 pairs of avian sister species. By restricting the analysis to sister 95 
species, we explicitly focus on ecological trait divergence associated with relatively recent 96 
speciation events, which reduces the impact of species extinction on our inferences relative to 97 
clade-wide approaches27, 33. For each pair of species, we estimated trait divergence and 98 
determined geographical relationships using a geospatial database of ~178 million species 99 
observation records34, 35 and a set of standard range polygons. Combining detailed phenotypic, 100 
temporal and spatial information, we consider (1) whether pulse-and-stasis or gradual evolution 101 
predominate in ecological trait divergence over the extended duration of bird speciation, (2) 102 
whether divergence in ecological traits is associated with sympatry establishment, and (3) how 103 
the estimated timing of divergence relates to the geographic phases of speciation. 104 
 105 
Results 106 
Using estimated divergence times for species pairs generated from phylogenetic data36-38, along 107 
with estimates of trait disparity for each pair of species, we fitted a set of evolutionary 108 
divergence models22 designed to span microevolutionary and macroevolutionary processes. We 109 
assessed relative support for four stochastic models: a Brownian motion (“gradual”) divergence 110 
model, a “single pulse” divergence model, a “multiple pulse” divergence model, and a time-111 
independent (“white noise”) divergence model. The first three models (gradual, single pulse, 112 
multiple pulse) incorporate an additional white noise component to represent bounded evolution 113 
processes at shorter timescales and to help to account for measurement error. In the single and 114 
multiple pulse models, the pulses are modeled as instantaneous jumps in trait values, which are 115 
representative of brief periods of high-rate directional evolution22 as expected in rapid evolution 116 
toward a new adaptive optimum39 and not as saltational jumps. We interpret the single pulse 117 
model as a “pulse-and-stasis” model, as the bounds of the bounded evolution component are 118 
narrow40 (Supplementary Tables 1 through 4). For two important ecological traits -- body mass 119 
and beak morphology (see Methods) -- the single pulse model has strong support relative to the 120 
other three models. Sensitivity analyses (Supplementary Tables 1 - 4) indicated that these results 121 
were robust to an alternate approach to phylogenetic reconstruction and divergence time 122 
estimation38.  123 
The difference in support between the single pulse and gradual models is consistent with 124 
phylogenetic studies that have found evidence for a contribution of speciational pulses in the 125 
accumulation of phenotypic diversity26: ΔAIC between the single pulse and Brownian motion 126 
models is 899 for body mass, ΔAICs between the single pulse and Brownian motion models are 127 
808, 920, and 967 for culmen length, beak depth, and beak width, respectively (see Methods and 128 
Supplementary Tables 1 through 4). Our analyses suggest, however, that such pulses need not be 129 
completely coincident with speciation, i.e. as reconstructed as instantaneous events (nodes) on 130 
phylogenetic trees. Instead, such pulses may take place at some point in the course of a 131 
protracted geographic speciation process30, as indicated by non-zero estimated waiting times to 132 
pulses. 133 
To estimate the timing of these divergence pulses, we used the rate parameter in the 134 
single pulse model preferred in our analyses. For body mass, the expected waiting time to a pulse 135 
was ~670,000 years (95% CI from likelihood profile: 275,000 years to 1.13 My; see also Figs. 2 136 
and 3, Supplementary Table 1). The expected waiting times to a pulse in beak morphology 137 
divergence in single pulse models were ~440,000 years for culmen length (95% CI: 200,000 to 138 
930,000 years), ~360,000 years for beak depth (95% CI: 100,000 to 720,000 years), and 139 
~420,000 years for beak width (95% CI: 130,000 to 820,000 years; see Supplementary Tables 2 - 140 
4). 141 
To compare the accumulation of trait divergence with transitions from allopatry to 142 
sympatry, we calculated and visualized the cumulative distribution function (CDF) for 143 
undergoing a pulse of divergence over time (Fig. 3, see also Supplementary Figure 1). The pulse 144 
magnitudes in the trait divergence models are variable (specifically they are drawn from a 145 
normal distribution with a mean of 0), such that we only expect large-magnitude pulses for a 146 
small fraction of species pairs. Most species pairs in this model accumulate modest trait 147 
divergence. Under this model, however, large-magnitude divergence is possible not only for 148 
older species pairs, but also for younger species pairs.  149 
To compare our estimates of pulse timing and trait divergence accumulation with the 150 
progression to secondary contact (inclusive of both parapatry and sympatry) and sympatry, we 151 
obtained information on contact from a geospatial database of ~178 million species observation 152 
records34, 35 and on sympatry from standard geographical range polygons41 (Fig. 4). Comparing 153 
the inferred timescales of trait divergence and sympatry suggests that pulses of trait divergence 154 
largely precede the establishment of sympatry (Fig. 3), which occur predominantly on the order 155 
of 106 years. This result is contingent on the assumption that transitions out of sympatry are 156 
infrequent7. The relative timescales of inferred trait divergence pulses and sympatry 157 
establishment (Fig. 3) suggest that many divergence pulses occur in the absence of sympatric 158 
interactions that could cause character displacement13. By contrast, we found that secondary 159 
contact occurs early enough and frequently enough among species pairs that the signature of 160 
initial allopatry is absent in our analyses of secondary contact and divergence time 161 
(Supplementary Figure 3; Supplementary Information: Timing of secondary contact and 162 
sympatry), leaving open the possibility that trait divergence often follows secondary contact, or 163 
that parapatric speciation (without an initial allopatric stage) occurs with regularity among birds 164 
(see below, Methods and Supplementary Information).  165 
 Pulses of ecological trait divergence theoretically reduce competition and reproductive 166 
interference among incipient species17, potentially overcoming constraints on sympatry 167 
establishment2, 7. The possibility that divergence by pulse-and-stasis evolution is widespread 168 
during speciation raises the question of whether divergence pulses are consequential for 169 
transitions through the geographic speciation process. Thus we tested whether variation in body 170 
mass and beak morphology predicted which species pairs are parapatric (with abutting 171 
distributions) or sympatric (with overlapping distributions). Focusing on all species pairs in 172 
secondary contact (n = 440, see Methods), and accounting for the effects of divergence time, 173 
dispersal ability, and latitude, we found evidence that sympatry is associated with greater 174 
divergence in ecological traits (Fig. 4, Supplementary Tables 8 - 9). In different analyses, either 175 
body mass divergence or aspects of beak morphology divergence had more support as predictors 176 
of sympatry (Supplementary Tables 8 - 9). Relationships between increased probability of 177 
sympatry and ecological trait divergence were present across sensitivity analyses accounting for 178 
a different approach to phylogenetic reconstruction and divergence time estimation 179 
(Supplementary Tables 12 - 13), and an alternate threshold for delineating sympatry versus 180 
parapatry (Supplementary Tables 14 - 15). These results are largely in agreement with previous 181 
studies showing that the transition from secondary contact to sympatry is associated with 182 
divergence in body mass and/or beak morphology11, 12.  183 
The hand-wing index, a morphological proxy of dispersal ability42, 43, was also a 184 
consistent predictor of sympatry for species pairs in contact across analyses (Fig. 5, 185 
Supplementary Information). This effect could be observed if sympatric populations tend to be 186 
sinks supported by non-sympatric sources: species with elevated dispersal capacity may maintain 187 
sympatric sink populations whereas those with weak dispersal may fail to. Additionally, 188 
increased dispersal capacity may be associated with elevated founder population sizes or 189 
densities during colonization of the sister species’ range. These elevated founder population sizes 190 
may facilitate colonization within the ranges of sister species by surmounting the challenges of 191 
population establishment at low density or number44, 45. 192 
Lastly, we inferred that contact between members of species pairs often occurs early (i.e. 193 
within the first two million years) in the geographic speciation cycle (Supplementary Fig. 3), 194 
contrary to models of geographic speciation that specify that long periods of allopatry are 195 
necessary for speciation2. This suggests a potentially wider role for parapatric speciation 196 
(speciation with no stage a in Fig. 1)4 than is often considered in bird speciation46. In parapatric 197 
speciation, divergence pulses prior to sympatry would necessarily occur despite contact, and thus 198 
the potential for gene flow, between incipient species17. However, we also found that observed 199 
patterns of contact and divergence time among bird sister species could be explained by 200 
speciation models requiring some period of allopatry at the outset, but allowing for rapid rates of 201 
transition to secondary contact (i.e. speciation with reduced duration of stage a in Fig. 1; 202 
Supplementary Figs. 9 - 10, Supplementary Information). Stochastic modeling of species ranges 203 
indicated than an approximate minimum rate of transition to secondary contact of 0.3 transitions 204 
per million years is sufficient to explain the pattern of contact among sister pairs. That is, a 30% 205 
probability of a species pair coming into contact within a million years is sufficient to yield a 206 
combined set of divergence times for species pair contact approximating the empirical 207 
observations. Thus, trait divergence pulses may occur during periods of either allopatry or 208 
parapatry, with cases of both likely widespread. Our evidence for early contact during speciation 209 
suggests that selection (e.g. local adaptation, immigrant inviability47 or other immigrant 210 
disadvantages, and/or selection against intermediate phenotypes) frequently plays a role in 211 




A prevailing view on bird speciation is that ecological trait divergence sufficient to 216 
enable sympatry requires long periods of allopatry9, 12. Gradual evolution models, such as the 217 
random walk models used in many phylogenetic comparative methods for continuous traits, are 218 
consistent with this prevailing view7, 15. However, gradual divergence models inadequately 219 
account for strong divergence in young species pairs, unless they also incorporate brief bursts of 220 
faster gradual divergence48, 49, similar to pulses. Even the Early Burst model50, used to represent 221 
the explosively rapid trait divergence dynamics in extant adaptive radiations28, poorly accounts 222 
for highly divergent recent species pairs because it predicts comparatively slow evolutionary 223 
rates at the tips of phylogenetic trees. Thus, while widely used gradual models may adequately 224 
explain avian trait evolution at deeper macroevolutionary scales (as for comparing genera or 225 
families28), our findings indicate that patterns of divergence among sister pairs are better 226 
captured by models incorporating pulsed divergence amid periods of stasis. In particular, the 227 
single pulse model we test here receives relatively strong support, and can help to explain the 228 
range of geographic speciation outcomes observed in nature, which includes many “old” species 229 
pairs that are highly similar in ecological traits9 but also instances of abrupt ecological trait 230 
divergence in young species pairs10, 17, 51, 52. 231 
 The signal of trait divergence pulses during the geographic speciation cycle raises the 232 
question of how such pulses may take place. We suggest that pulses are likely to result from the 233 
intermittent discovery, by populations or lineages, of unoccupied adaptive peaks, as is expected 234 
in niche-filling models of diversification6, 10, or more generally from adaptive evolution on 235 
heterogeneous fitness landscapes14, 53. Unoccupied adaptive peaks may become occupied, via 236 
pulses of adaptive directional evolution, during or immediately following range expansion16, 54, 237 
for instance immediately following colonization of novel environments. Rapid phenotypic 238 
divergence may also result from local adaptation along environmental gradients, with or without 239 
gene flow55. In such contexts, signals of pulsed divergence could plausibly arise from a 240 
combination of local (clinal) adaptation and the subsequent extinction of phenotypically 241 
intermediate populations16, 18, 56. A key shared aspect of all these scenarios is that evolution on 242 
adaptive landscapes allows for pulse-and-stasis modes of divergence14. Our data may also be 243 
consistent with a role for character displacement57 driving pulsed divergence in some instances. 244 
Comparing the timescales of trait divergence and sympatry establishment (Fig. 3), however, 245 
suggests that divergence pulses more frequently result from processes not requiring sympatry 246 
than processes that require sympatry. 247 
 Our finding that greater divergence in ecological traits is positively associated with the 248 
probability of sympatry accords well with what has been found previously in many other studies 249 
of vertebrates58, 59, including birds11, 12, using a variety of different methodological approaches. 250 
The focus of such studies is commonly character displacement11, 58, 60, yet this association can 251 
also be explained by the spatial sorting of species ranges by competition12, 61 or because these 252 
trait differences may be associated with stronger reproductive isolation5, 62. Tobias et al.12 found 253 
that the association of greater divergence in size and beak morphology of sympatric versus non-254 
sympatric ovenbird species could be explained by a third factor, time since divergence, which 255 
they interpreted as evidence for spatial sorting of ecologically diverged lineages. Our results 256 
provide indirect support for this sorting hypothesis in a sample of species pairs that spans the 257 
diversity of birds, in that the timescale of ecological trait divergence under the single pulse 258 
model is faster than the relatively slow accumulation of sympatry sister species pairs (Fig. 3) 62. 259 
These findings suggest that pulses of trait divergence promote subsequent transitions to 260 
sympatry, rather than such pulses primarily occurring through character displacement after 261 
sympatry has been established. This interpretation is contingent on the assumption that the 262 
movement of species ranges over time results in low transition rates of sympatry to non-263 
sympatry in sister pairs, i.e. that the curve in Fig. 3 is mostly representative of the initial 264 
achievement of secondary sympatry and not of an equilibrium between relatively even transition 265 
rates into and out of sympatry7, 63.  266 
In combination, our results may help to resolve the longstanding question of why only 267 
some nascent species survive over evolutionary time. One of the major threats to young lineages 268 
is fusion through swamping gene flow upon contact2. We have demonstrated that this risk is 269 
widespread among nascent bird species because the lag time to secondary contact is generally 270 
short (Supplementary Figs. 3 and 6 - 8), supporting the view that gene flow routinely becomes 271 
possible early in the speciation process. In particular, species pairs with minimally divergent 272 
phenotypes may incur increased hybridization rates or increased hybrid fitness relative to more 273 
diverged pairs, potentially leading to the extinction of one member of the species pair. 274 
Importantly, though, our findings also suggest that species pairs undergoing major early pulses 275 
of ecological trait divergence are more likely to rapidly transition to sympatry, escaping both 276 
fusion and mutual exclusion, and possibly extending their lifespan as independent lineages56, 64-277 
66. Elevated rates of extinction in less-divergent young lineages may increase the signature of 278 
large early pulses in datasets compiled from extant species, such as that presented here. Thus, 279 
differential extinction coupled with pulses of early trait divergence may play a critical role in 280 
explaining broad-scale patterns in the longevity, macroevolutionary diversity, and geographical 281 
distribution of species. 282 
 283 
METHODS 284 
Sister pairs We selected all (n = 2,076) pairs of avian sister species (i.e. each other’s closest 285 
relatives) from the maximum likelihood topology from Burleigh et al.’s36 avian supermatrix 286 
phylogenetic analysis (hereafter “Burleigh tree”), which contains 6,714 species of the ~10,500 287 
bird species in the world. The inclusion of pairs of non-sister lineages would not invalidate our 288 
analyses, but for the purposes of interpretation we excluded pairs that may not represent true 289 
sister species because one taxon may have a closer relative. Specifically, we excluded 763 pairs 290 
belonging to genera with <75% species-level sampling, and another 62 pairs that were deemed 291 
unlikely to be true sister species based on either molecular evidence from other studies or 292 
taxonomic problems. For most analyses, we further removed 299 species pairs for which we 293 
could not adequately score the presence or absence of contact (Supplementary Dataset 6). 294 
Different analyses used different subsets of sister pairs, depending on data availability and 295 
quality (see Supplementary Datasets 1 - 6). In using the sister pair data set to make inferences 296 
about the speciation process, we leveraged the broad variation in divergence times and stages of 297 
the geographic speciation cycle represented among sister pairs, including pairs that are in the 298 
early stages of divergence. 299 
Divergence times Divergence time estimates were obtained from an ultrametric tree inferred 300 
from the maximum likelihood tree from Burleigh et al. 36 using penalized likelihood analysis 301 
implemented in r8s37, 67. The r8s analysis used 20 fossil calibrations and constrained the root of 302 
the tree to a maximum age of 110 mya. However, applying a maximum age constraint to the root 303 
node had little effect on estimates of sister pair divergence times (Supplementary Fig. 5). A list 304 
of the fossil calibrations (Supplementary Information Dataset 7, see also 68) and a command 305 
block for the r8s analyses are available in the Supplementary Information. We performed 306 
sensitivity analyses using alternate sets of divergence time estimates, both from bootstrap 307 
analysis of the Burleigh tree, and from an independent phylogenetic and dating analysis38 (see 308 
Supplementary Information). 309 
Ecological trait measurements Body mass Divergence in body size may be a strong contributor 310 
to ecological divergence, potentially reducing interspecific competition10, 69 or reproductive 311 
interference5. We compiled data on body mass (a proxy for body size) for species pairs from 312 
updated global datasets70-72. When multiple body mass values were reported, we took the mean; 313 
when male and female body masses were reported separately, we calculated an average of the 314 
two sex-specific means. We estimated body mass disparity as the difference between species in 315 
natural log of mean body mass. This estimate is a unitless measurement representing 316 
proportional change in body mass22.  317 
Beak morphology Species with similar body mass may partition niches according to diet. Thus, 318 
to quantify differences in foraging ecology among sister species, we collected three beak 319 
measurements (culmen length, beak depth, beak width) associated with food item selection and 320 
manipulation7, 73, 74. Culmen length was measured as the distance from the distal part of the 321 
nostril to the beak tip. Beak depth and beak width were both measured at the distal edge of the 322 
nostril. All beak measurements were made on wild birds or museum specimens using calipers, to 323 
the nearest 0.1mm (n ≥ 4 individuals sampled per species, ≥ 2 males and ≥ 2 females, where 324 
possible; see Supplementary Information for further details about the beak morphology data set). 325 
For evolutionary mode analyses, we estimated proportional differences between species’ 326 
phenotypes by taking the difference of the natural log of the mean body mass of each species22. 327 
To calculate multivariate species differences, we first fit separate phylogenetic generalized linear 328 
regressions of the log species means of each of the beak measurements on species log mean body 329 
mass (with Ornstein-Uhlenbeck errors75, see Supplementary Information section 5: Predictors of 330 
contact and sympatry). We then calculated the Mahalanobis distance between the three beak 331 
measurement residuals from the phylogenetic generalized linear regressions for each species pair 332 
to estimate multivariate divergence in beak morphology. 333 
Dispersal Highly vagile taxa with greater dispersal capacities should undergo faster range 334 
expansions, potentially leading to earlier secondary contact in nascent species43. This can be 335 
associated with faster transition rates to sympatry63, but when secondary contact is very early, it 336 
may also slow or reverse the speciation process by promoting gene flow, leading to merged gene 337 
pools rather than continued divergence2. Because of the importance of dispersal in geographic 338 
speciation models, we assessed how dispersal capacity influences transitions from allopatry to 339 
secondary contact, and from secondary contact to sympatry, respectively. As it is difficult to 340 
measure dispersal capacity directly, we instead used the hand-wing index (HWI), an index of 341 
wing shape related to the aspect ratio of the wing43 and a proxy for flight performance and 342 
dispersal capacity in birds 42, 43, 63, 76. Using measurements (to the nearest 0.5 mm) taken from 343 
wild birds and museum specimens, we calculated this index as 344 
 345 
ܪܹܫ = 100 ×  ܹܮ − ܵܮܹܮ  
 346 
where WL (wing length) is the length of the closed wing from carpal joint to wing tip, and SL 347 
(secondary length) is the distance from the carpal joint to the tip of the first secondary feather. As 348 
a secondary index of dispersal, we also used range maps41 to assess migratory behavior. If either 349 
member of a pair was illustrated as migratory to any degree, the species pair was scored as 350 
migratory. 351 
 352 
Geographical phases of speciation 353 
Secondary contact We examined evidence for contact in species pairs using ~178 million bird 354 
species observation records stored in the eBird observational record database34, 77. We 355 
downloaded the ebird Basic Dataset (EBD_relOct-2013) from the eBird website 356 
(http://ebird.org). For a given species pair, contact was defined by evidence for the co-occurrence 357 
of both species on the same day at the same reported locality. Evidence that such co-occurrence 358 
takes place was interpreted as evidence for contact between species ranges. We wrote a Perl 359 
script that, for all sister species pairs, identified all instances when both species were listed at the 360 
exact same latitude and longitude on the same day. However, the spatial extent of eBird 361 
checklists varies when it is reported (Supplementary Figure 4), such that some apparent co-362 
occurrence records might come from checklists made for large areas or long transects. 363 
Furthermore, some co-occurrence records may result from human-aided introductions to areas 364 
extrinsic to native ranges or from ambiguity in different taxonomic treatments. To address these 365 
issues, we compared our contact scoring with what would result from contact scoring from range 366 
maps41 and examined eBird records where there was any discrepancy (see additional details in 367 
Supplementary Information: General supplementary methods). These data quality checks 368 
resulted in the re-scoring of 15 species pairs (from having contact to having no contact) and the 369 
exclusion of an additional 29 species pairs from the analysis where contact could not be scored 370 
with confidence (Supplementary Dataset 6). 371 
Because contact can take place outside of the breeding range in cases where either 372 
member of a species pair is migratory, we scored breeding contact for such species pairs 373 
specifically by examining whether co-occurrence took place in the breeding range and breeding 374 
season, using breeding range maps41 and breeding phenology descriptions70 respectively. To 375 
qualify as evidence of breeding contact, species co-occurrences in species pairs with any 376 
migratory behavior had to be reported on the same day and in the same locality during the known 377 
breeding seasons of both species70 and within the known breeding range of at least one of the 378 
two species41. For species pairs without known migratory behavior, we assumed evidence of 379 
contact was indicative of breeding contact (see also Supplementary Information). 380 
Because co-occurrence is unlikely to be reported for species with very few observations, 381 
we excluded sister pairs where at least one species had fewer than 10 eBird sightings reported. 382 
Our contact scores likely underestimate the true extent of contact among species pairs, as even 383 
after this filtering process, the minimum number of observations strongly predicts the probability 384 
of species pair contact in our data set (GLM with the log of the minimum observations as sole 385 
predictor: coefficient estimate = 3.8 x 10-4 ± 8.5 x 10-5 SE; Supplementary Table 5). 386 
Consequently, we conducted sensitivity analyses adopting an alternate minimum threshold, 20 or 387 
50 instead of 10, for observations (Supplementary Table 5 and Supplementary Fig. 8). We also 388 
checked observational evidence for contact, discounting co-occurrence cases likely attributable 389 
to anthropogenic introductions, and excluding cases potentially based on misidentifications or 390 
taxonomic confusion (see included and excluded species pairs in Supplementary Datasets 1 and 391 
6).  392 
Sympatry To examine the transition from contact to broad range overlap (sympatry), we 393 
calculated percent breeding range overlap from geographic range polygons41 with a custom R 394 
script, using the R libraries rgdal, rgeos, maptools, and raster. A small subset of species pairs (n 395 
= 17 of 440 species pairs) could not be scored using our automated routine, and their range 396 
overlap was estimated visually. Species pairs with a range overlap > 20% of the smaller range63, 397 
78, 79 were scored as sympatric, while those with contact but with ≤ 20% range overlap were 398 
scored as parapatric (having abutting ranges)63. This range overlap threshold may seem high 399 
based on the definition of parapatry as the circumstance where ranges abut but are separate80. 400 
Range maps are coarse-grained, however, such that ranges that do not substantially overlap in 401 
reality appear to have overlap in range maps. As this 20% threshold, like any threshold, was 402 
somewhat arbitrary, we performed additional analyses using an overlap of > 10% scored as 403 
sympatric (Supplementary Tables 14-15). 404 
Analyses 405 
Tempo of ecological trait divergence  406 
To examine the tempo and timing of trait divergence, we evaluated the relative support for four 407 
divergence models across the set of species pairs for which body mass or beak morphology data 408 
were available (n = 869 species pairs for body mass, n = 945 species pairs for beak morphology). 409 
For all four traits, we defined disparities as the between-species difference in the log mean22. We 410 
fit one model of time-independent bounded evolution, as well as three different models that 411 
comprise a bounded evolution component on shorter timescales and one of three additional 412 
components for longer timescales22. These longer-timescale components are a gradual evolution 413 
model (Brownian motion) and two forms of pulsed divergence: a single pulse model where a 414 
single instantaneous displacement occurs following a waiting time sampled from an exponential 415 
distribution and a multiple pulse model where the expected number of displacements for a given 416 
divergence time is determined by a Poisson process. We examined relative support for these 417 
models using AIC from likelihood calculations performed in R. We calculated confidence 418 
intervals for the Poisson rate parameter λ, the inverse of which is taken as the expected waiting 419 
time to a pulse, using likelihood profiling. To generate likelihood profiles, we calculated the 420 
likelihood of single pulse models with a series of fixed λ values at increments of 0.01, over an 421 
interval containing the maximum likelihood parameter estimate. We assume the log likelihood 422 
ratio is chi-square distributed, and define the 95% confidence interval for λ as the interval for 423 
which the likelihood is within 1.92 units of the maximum likelihood model. To visualize the 424 
cumulative probability of incurring a pulse for Fig. 3, we used the equation for the cumulative 425 
distribution function for an exponential distribution, 1 − ݁ିఒ௧. 426 
Secondary contact and sympatry We examined the probability of contact versus non-contact, and 427 
parapatry versus sympatry, using GLM with binomial error distributions, implemented in R81. In 428 
analyses of contact and breeding contact for sister pairs, we began by predicting the probability 429 
of contact, with divergence time as the only predictor (Extended Data Figs 3a-b and 7). We 430 
subsequently performed a model generation and selection routine (using the genetic algorithm of 431 
R package glmulti82, see Supplementary Information) to examine which among a set of 432 
phenotypic measures best predict contact or sympatry while accounting for the effects of three 433 
variables that may influence the timing of transitions from allopatry to sympatry: divergence 434 
time12, latitude5, and dispersal ability63. The predictors of primary interest were between-species 435 
disparity in two traits implicated in ecological and reproductive isolation: body mass83 and beak 436 
morphology84. We incorporated disparity in beak morphology (i) as the Mahalanobis distance 437 
between species residuals from phylogenetic linear regressions of beak measurements on body 438 
mass (see above), or (ii) by including each of the three residuals (from phylogenetic linear 439 
regressions of culmen length, beak width, and beak depth on body mass) as predictors. We used 440 
disparities in mean body mass and beak morphology as predictors in these analyses instead of 441 
sex-specific disparities as (i) many individuals in these datasets are not sexed, (ii) overall sexual 442 
size dimorphism is minor, and (iii) species interactions involve both males and females, such that 443 
the mean of these measurements is likely relevant. 444 
To account for differences among sister species pairs in dispersal ability, we also 445 
included the average log hand-wing index43 and migratory status of the sister pair as predictors. 446 
We further included divergence time and midpoint latitude (average of the two median 447 
observational latitudes for each species from eBird77). Our model generation routine permitted 448 
all pairwise interactions between predictors to enter the model, under the constraint that all 449 
models were marginal. We report support for all predictors entering the set of contact models 450 
with ΔAIC < 2 (Supplementary Tables 6 - 7). All continuous variables were scaled and centered, 451 
such that estimated slope magnitudes for individual variables are meaningful in relation to one 452 
another. 453 
 For GLM examining the probability of sympatry versus parapatry, we first limited the 454 
sister species data set to those pairs with breeding contact. This restriction focuses the analysis 455 
on taxa that have the opportunity to interact to some degree in the breeding season85. The 456 
response variable in GLM is the geographic configuration: parapatric (interacting but without 457 
substantial range overlap) versus sympatric (having substantial range overlap: > 20% of the 458 
smaller range in the analyses presented in the main text). We again used a genetic algorithm (see 459 
Supplementary Information) to generate model variants and performed model selection using the 460 
R package glmulti82. 461 
 To assess the sensitivity of our results to uncertainty in phylogenetic inference and 462 
divergence time estimates, we repeated all GLM analyses using mean divergence times for our 463 
species pairs from 100 samples of the pseudo-posterior distribution of trees from an alternative 464 
Bayesian species-level phylogenetic analysis38 (hereafter, the “Jetz tree”; Supplementary Tables 465 
9 - 12). For analyses examining the probability of contact (and breeding contact) with divergence 466 
time, we performed additional sensitivity analyses using divergence time estimates from 100 467 
bootstraps of the Burleigh tree and for each of the 10,000 pseudo-posterior samples from the Jetz 468 
tree (Supplementary Fig. 7). 469 
 470 
Simulations of range dynamics To aid in the interpretation of our GLM predicting local co-471 
occurrence, we performed stochastic range dynamic simulations63. We used these simulations to 472 
place an approximate lower bound on the rate of secondary contact establishment from an 473 
initially allopatric configuration. To perform this estimation, we simulated the establishment of 474 
secondary contact using a simple model7, 63, in which sister pairs can be in one of two states: co-475 
occurring and not co-occurring. We simulated transitions into and out of contact over a set of 476 
possible rates from 0.1 to 0.8 per million years, in which the forward rate (rate of transition from 477 
isolation to contact, σ) is always greater than or equal to the reverse rate (rate of transition out of 478 
contact, ε). The forward and reverse rates are constant63, and the variation in rates among species 479 
arises only from stochasticity. Reverse rates were simulated at 0.005, 0.01, 0.05, 0.1, 0.2, and 0.5 480 
times each of the forward rates. We present the maximum intercept calculated across all reverse 481 
rates (ε) for each simulated forward rate (σ) (Extended Data Figs 5, 12). To calculate the 482 
approximate percentage of species pairs coming into secondary contact by given points in time 483 
following divergence (100,000 years, 1 million years), we simulated range dynamics with σ = 484 
0.3, and ε = 0.15 (corresponding to the minimal σ that yielded intercept > 0.434, and the value of 485 
ε that yielded the highest intercept for σ = 0.3).  486 
Code availability Computer code for analyses not found in the Supplementary Information can 487 
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Figures and figure legends 688 
 689 
Figure 1 | The speciation cycle and phenotypic trait divergence 690 
Bird speciation typically involves a sequence of geographical states, starting with an allopatric 691 
phase (a), followed by secondary contact initiated at range edges (b), and finally sympatry (c). 692 
Phenotypic divergence may take different pathways during this cycle: gradual models predict no 693 
pulse of divergence at any point in the cycle (d), whereas punctuated models involve stasis 694 
punctuated by pulses, which can follow the onset of coexistence (e) or precede it (f). Note that 695 
mutual exclusion in abutting (parapatric) ranges (as in b) is extended when traits are similar (e), 696 
and reduced when traits have already substantially diverged (f). 697 
 698 
Figure 2 | Tempo of body mass divergence for avian sister species. Stochastic pulsed models 699 
provide better fits to patterns of body mass divergence and divergence time in avian sister 700 
species pairs (n = 869), with the best fit a single pulse model (ΔAIC relative to the multiple pulse 701 
model: 797). Colors denote probability density. The probability density for any time slice 702 
follows a normal distribution (most apparent in the white noise model where the probability 703 
density distribution is independent of time). Relative probability density can be assessed within 704 
each time slice but not across time. For clarity, the empirical data points are plotted only on the 705 
white noise model. 706 
 707 
Figure 3 | Timing of body mass divergence pulses and sympatry. Comparison of timescales 708 
suggests that mass divergence tends to precede sympatry among 952 avian sister species. Yellow 709 
and orange lines are cumulative probability distributions of incurring a pulse under the single 710 
pulse model (yellow: estimated from maximum likelihood phylogenetic tree36; orange: from 100 711 
bootstrap trees). Circles are proportions of sympatric species pairs for 1-million year intervals of 712 
divergence time; circle sizes represent sample sizes, numbered where ≥50. For visual 713 
comparison, an exponential decay model has been fitted to the proportion of sister pairs in 714 
sympatry (blue curve; assumes all sympatry is secondary). If we assume that rates of transition 715 
out of sympatry are low, the timing of divergence pulses is early compared to the generally 716 
delayed attainment of sympatry (i.e. the yellow and orange curves are steeper than the blue 717 
curve). 718 
 719 
Figure 4 | Phylogenetic patterns of contact and sympatry across avian sister species. 720 
Evolutionary and geographic range relationships among 952 pairs of sister species scored for 721 
breeding contact (orange) and sympatry (blue), showing that both are widespread in sister 722 
species across phylogeny. Pairs with breeding contact include both parapatric and sympatric 723 
species pairs. The tree is derived from the Burleigh tree36, and has been pruned . Terminal 724 
branches are further pruned such that tips represent the most recent common ancestors of sister 725 
species pairs. There are 23 sister pairs that were scored as sympatric from range polygons, but 726 
for which no breeding contact records existed in the eBird data set34, 76, likely reflecting a 727 
combination of sparse sampling in these sister species’ ranges and limited syntopy despite broad 728 
geographic overlap. 729 
 730 
Figure 5 | Factors associated with the establishment of secondary contact and sympatry in 731 
birds. Results of generalized linear models assessing the relative importance of predictors of 732 
breeding contact (a, n = 849 sister pairs) and sympatry (b, n = 440 sister pairs with breeding co-733 
occurrence). Pairs with breeding contact include both parapatric and sympatric species pairs. 734 
Relative importance is estimated as the proportion of the summed model weights for all models 735 
with ΔAIC<2, and is indicative of the extent to which each variable is necessary to explain the 736 
variation. Pairwise interactions with relative importance >0.6 are indicated by the numbers 737 
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